to have higher number density. At a temperature of about 2,000 K, CO 2 , COF 2 , CO and I shows higher number densities than other species. A further diminution to temperatures of 300-500 K results in decline in the number densities of COF 2 and I, but leads CO 2 , CF 4 , CO and I 2 to be present at high number densities of 10 24 m −3 order or above. Secondly, the similar calculations were performed for different X CF3I . These results at temperature of 300 K correspond to the particle present after the arc extinction in the CO 2 -CF 3 I mixtures. Figure 2 shows the number densities of particular particles at 300 K as a function of X CF3I in a range from 0 to 1. As seen in Fig. 2 , the gas for X CF3I below 0.96 consists of CO 2 , CF 4 , CO, I 2 , COF 2 and C 2 F 6 . While, I 2 , CF 4 , CO and C 3 O 2 behaves as the principal particles in the concentration range from 0.96 to 0.99. A further increase in X CF3I to 1 leads the particles C 2 F 6 , I 2 , CF 4 and C 5 to be present as the principal particles.
Thirdly, the electron density was discussed for different X CF3I . The electron density at temperatures below 15,000 K was found to increase slightly with the X CF3I . This dependence of the electron density on X CF3I proved to result from the fact that I has a lower first-ionization-energy than C.
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Particle Composition of CO 2 -CF 3 I Mixture at Temperatures of 300-30,000 K
Introduction
As is well known, SF 6 used as arc-quenching gas in gas circuit breakers has an extremely high global-warmingpotential (GWP). The SF 6 can give remarkable green house effect to the global, if released into the atmosphere. From the viewpoint of the environmental issues, the gas circuit breakers are expected to use smaller amount of the SF 6 or to adopt an environmentally benign gas as the arc quenching gas.
Until now, researches have been made to obtain the arc properties for various environmentally-benign-gases such as N 2 , O 2 and H 2 to find out a promising quenching-gas. At the present stage, the CO 2 is expected to be promising quenching gas, especially for high-voltage circuit breakers (1) - (4) . Although having global warming effect, CO 2 has very much lower global-warming-potential than SF 6 .
Furthermore, CO 2 added with another gas is also expected as the alternative quenching gas, because the CO 2 mixture may lead a circuit breaker to have higher current-interrupting capability than the pure CO 2 . For instance, we have described experimental results for a rotary-arc type of loadbreak switch to show that adding either He or O 2 to CO 2 at a pressure concentration of 30% allowed the switch to have the higher current-interrupting capability than using of the pure CO 2 (5) . In addition to above, Tanaka et al. have revealed particle compositions of CO 2 -O 2 and CO 2 -H 2 mixtures in a temperature range from 300 to 30,000 K (6) . On the other hand, in the research field of gas insulated switching gear, CF 3 I is also discussed as an insulating gas alternative to SF 6 (8) . This is because CF 3 I has the following features (8) : (1) the CF 3 I has a dielectric strength similar to the SF 6 under same experimental conditions; (2) the CF 3 I has low GWP less than 5; (3) when being present around a room temperature inside a metal enclosure, CF 3 I molecules are stable for long duration and thus neither decompose nor ionize to other particles and (4) if being released to atmosphere, CF 3 I molecules are easily dissociated to CO 2 and HF due to the solar rays or OH radical and thereby have short lifetime below one day. With the above background, Okada et al. have reported experimental results with respect to current interrupting performance for CO 2 with additional gas CF 3 I (7) . However, there have been few research works on fundamental characteristics for understanding the physical state of a high-temperature CO 2 -CF 3 I mixture, concerning an arc discharge established in the mixture. Thermodynamic and transport properties determined by theoretical calculations are one of the fundamental characteristics to reveal various physical aspects under the high-temperature condition. However, particle compositions that show the number densities of molecules, atoms, ions and an electron as a function of a temperature are also one of the fundamental characteristics. This is because the particle compositions provide us useful information, for instance, principal particle species present at high densities and an electron density. Further, the particle compositions are essential to determination of the thermodynamic and the transport properties and these properties markedly depends on the particle compositions.
Therefore, the first phase of the present research projects aimed at obtaining the particle compositions of the hightemperature CO 2 with inclusion of CF 3 I. Firstly, in consideration of 61 particles, equilibrium composition was theoretically calculated in a temperature range from 300 to 30,000 K for various CF 3 I concentrations. This result reveals the number density of each particle at a certain temperature T under the following condition: once after CO 2 and CF 3 I molecules decompose to atoms and further ionize to monatomic ions due to higher temperature circumstance, the temperature reduces to T . By way of example, for the case of T =300 K, CO 2 -CF 3 I mixture proved to show the phenomena as follows: once CO 2 and CF 3 I molecules decompose to other particles at a high temperature, the decomposed particles no longer recombine to CF 3 I molecules at the temperature of 300 K c 2007 The Institute of Electrical Engineers of Japan. and a portion of CO 2 change into other particles at the same temperature. Similar phenomena have never been seen for other gases such as SF 6 and air. Secondly, the particle species present after an arc extinguishment are obtained as a function of the CF 3 I concentration. Finally, the dependence of an electron density on the CF 3 I concentration is derived and particle species providing the electrons are discussed.
Calculation Procedure of Equilibrium Composition

Particle Species and Reactions
In calculating the particle composition of the high-temperature CO 2 -CF 3 I, we took account of the following 61 species in gas phase: (1) 
and (4) electrone. For these particles, we took in consideration of 37 dissociation and 19 ionization reactions summarized in Tables 1 and 2. Referring to open literatures (9) - (11) allowed us to obtain the dissociation and ionization energies of particular reactions listed in Tables 1 and 2 .
Equations
On the assumption of the establishment of the thermal equilibrium, the 37 dissociation and the 19 ionization reactions shown in Tables 1 and 2 are expressed   Table 1 . Dissociation reaction in high-temperature Table 1 is expressed as follows:
where n i : the number density of the species i, Z 
where m i is the mass of the particle species i. Solving above-mentioned simultaneous equations allowed to derive the equilibrium composition in the temperature range from 300 to 30,000 K at a pressure of 0.1 MPa.
As mentioned in the previous section, CO 2 -CF 3 I mixture continues to consist of CO 2 and CF 3 I molecules, if being present around the room temperature inside the metal enclosure, because no energy to dissociate these molecules is given. However, the calculation conditions in the present research corresponds to the following: once after CO 2 and CF 3 I molecules decompose to atoms and further ionize to monatomic ions due to a sufficient high temperature, the temperature of CO 2 -CF 3 I mixture decreases to the temperature T . The calculation result shows the composition at this temperature T . Especially, the calculation result at 300 K corresponds to the composition formed after the arc extinction in CO 2 -CF 3 I mixture.
Result and Discussion
Equilibrium Composition
By way of example, Fig. 2 presents the calculated equilibrium composition for the CF 3 I concentration X CF3I of 0.5 in the temperature range from 300 to 30,000 K. At temperatures above 15,000 K, the high-temperature CO 2 -CF 3 I mixture consists principally of C + , O + , F + , I + and the electron. As also found in Fig. 2 , C, O, F and I are present at higher number density than other species in a temperature range from 7,000 to 10,000 K. A reduction in the temperature to around 5,000 K causes C to have lower number density, while leading CO to have higher number density. At a temperature of about 2,000 K, CO 2 , COF 2 , CO and I shows higher number densities than other species. A further diminution to temperatures of 300-500 K results in decline in the number densities of COF 2 and I, but leads CO 2 , CF 4 , CO and I 2 to be present at high number densities of 10 24 m −3 order or above. For the purpose of the comparison, Fig. 3 represents the equilibrium composition for the concentration X CF3I of 0. For the case of the pure CO 2 , only CO 2 is present at temperatures of 300-1,000 K. This result indicates that even if CO 2 decomposes to other molecules or atoms at temperatures above 1,000 K, the decomposed molecules and atoms recombine to CO 2 at temperatures below 1,000 K.
Recall from Fig. 2 that CO 2 , CF 4 , CO and I 2 are present at higher densities than the others in the temperature range of 300 to 500 K. This suggests two followings for case of X CF3I = 0.5: (1) once CF 3 I decomposes to other particles at a higher temperature, the decomposed particles no longer recombine to CF 3 I at temperatures around 300 K; (2) once CO 2 decomposes to other particles at the higher temperature, a small portion of CO 2 changes into CO at the temperatures around 300 K. Figure 4 shows the equilibrium composition for the pure CF 3 I. As found in Fig. 4 , C, F and I have the number density higher than others in a temperature range from 5,000 to 10,000 K. Decrease in the temperature to about 1,000 K causes C, F and I to recombine to CF 4 , I 2 and C 5 . It is also seen in Fig. 4 that a further decline to temperatures of 300-400 K reduces the number density of CF 4 to around 10 24 m −3 , while causing C 2 F 6 to have the number density of 10 25 m −3 equal to I 2 . As a result, at 300 K, C 2 F 6 , I 2 , CF 4 and C 5 are present at densities of 10 22 m −3 or above for X CF3I =1. Recall from Fig. 2 that, for X CF3I =0.5, CF 4 , I 2 , CO 2 and CO are principal species present at 300 K, in other words, neither C 2 F 6 nor C 5 are principal species. However for X CF3I =1, C 2 F 6 and C 5 behaves as the main species.
Particle at 300 K
Calculation results at the temperature of 300 K, correspond to the particle present after an arc interruption in CO 2 -CF 3 I mixture. As represented in Figs. 2-4 , the number density of each species at 300 K varies markedly with the CF 3 I concentration X CF3I . Figure 5(a) shows the number densities of particular particles at 300 K as a function of X CF3I in a whole range from 0 to 1. Figure 5(b) shows the number density at 300 K as a function of X CF3I in a range from 0 to 0.1, while Fig. 5(c) ( i ) CF 3 I concentration in a range from 0.001 to 0.1: As seen in Fig. 5(b) , the gas for very slight CF 3 I concentration of 0.001 consists of CO 2 , CF 4 , CO, I 2 and COF 2 and the particles of CF 4 , CO, I 2 and COF 2 are present at number densities of 4.0 × 10 21 , 2.8 × 10 21 , 2.8 × 10 21 and 2.2 × 10 20 m −3 , respectively. The increase in X CF3I from 0.001 to 0.1 raises the number densities of CF 4 , CO and I 2 by two orders, but augments the number density of COF 2 by one order.
( ii ) CF 3 I concentration in a range from 0.1 to 0.9: As seen in Fig. 5(a) , the number density of CO 2 abates from 10 25 m −3 order to 10 24 m −3 order with rise in X CF3I from 0.1 to 0.9. It is also seen in Fig. 5(a) that the augment in X CF3I from 0.1 to 0.9 causes the number densities of CF 4 , CO and I 2 to grow from 10 23 m −3 order to 10 24 m −3 order. However the same augment in X CF3I introduces no considerable increase in the number density of COF 2 and thus the number density of COF 2 remains at about 10 24 m −3 . ( iii ) CF 3 I concentration in a range from 0.9 to 1: As found in Fig. 5(c) , a further increase in X CF3I from 0.9 to 0.99 results in marked diminution in the number density of CO 2 and COF 2 A further increase in X CF3I to 1 leads CO and C 3 O 2 to be absent, but resulting in production of C 5 . These phenomena lead the particles C 2 F 6 , I 2 , CF 4 and C 5 to be present as the principal particles, as already found in Fig. 4, 
Electron Density
The electron density is one of important factors for determining the electrical conductivity of the high-temperature gas. Thereby it is effective to find out the electron density for various CF 3 I concentrations. Figure 6 represents the electron density as a function of the temperature for X CF3I of 0, 0.2, 0.4, 0.6, 0.8 and 1. At a certain temperature in a range from 15,000 to 30,000 K, the electron density is independent of X CF3I . This is due to the facts that the atoms are absent due to the ionization reactions and thus the gas at temperatures above 15,000 K consists of the ions and the electron, regardless of X CF3I .
In contrast, at temperatures below 15,000 K, the CO 2 -CF 3 I mixture for X CF3I of 0.2 or above has a slightly higher electron density than the pure CO 2 . To interpret this aspect, Fig. 7 indicates the electron density at 8,000 K as an example. As confirmed in Fig. 7 , augment in the concentration X CF3I from 0 to 1 raises the electron density slightly from 7.4 × 10 21 to 18 × 10 21 m −3 . This figure also presents the densities of ions as a function of X CF3I . For X CF3I = 0, C + shows a number density almost same as the electron, while O + shows a number density lower by one order than the electron. This reveals that almost all electrons are produced from the ionization reaction of C. This phenomena results from the following facts: C has the first ionization energy of 11.261 eV and this value is lower than the first ionization energy of O, 13.613 eV (11) . As seen in Fig. 7 , augment in X CF3I to 1 declines the number density of C + gradually, but grows the number density of + reaches the number density similar to the electron, indicating that almost all electrons are produced from the ionization reaction of I. The first ionization energy of I is 10.451 eV, thus being somewhat lower than that of C. Consequently, increase in X CF3I results in slight rise in the electron density.
Confirmation of Validity
As presented in Figs. 2 to 4, the obtained equilibrium compositions reveal somewhat complicated aspects, especially in a temperature range from 300 to 5,000 K. In other words, the number densities of the molecules depend markedly extremely on both the temperature and the CF 3 I concentration. To confirm the validity of the obtained equilibrium compositions, an another determination independent of our calculation was made as mentioned below.
It is known that the equilibrium composition of the hightemperature gas at a constant temperature and at a constant pressure is also calculated on the basis of the minimization of the total Gibbs free energy (6) (12) (13) . The total Gibbs free energy for a certain gas depends on the number density of species i in the following form (12) :
where µ 0 i : a chemical potential of each species i, P: pressure, P 0 : the standard pressure, R: the gas constant. Use of this calculation method allowed the another determination of the equilibrium compositions of the high-temperature CO 2 -CF 3 I for X CF3I = 0.5 and 1. These numerical calculations were made with the aid of a computer application tool 'HSC Chemistry for Windows' produced by Ontokumpu Research Oy. Whereas the tool has a database required for the calculation of µ 0 i , the database offers numerical data up to around 5,000 K. Thereby the tool gave us available solutions in a temperature range from 300 K to about 5,000 K. The calculation results revealed that the number density of each species obtained from the tool agreed very well with that plotted in Figs. 2 and 4 . Therefore the compositions mentioned in the previous sections were confirmed to be valid.
Conclusions
Concerning the high-temperature CO 2 added with CF 3 I, the equilibrium compositions were theoretically determined in the temperature range of 300 to 30,000 K at the pressure of 0.1 MPa. The determinations were performed in consideration of the 61 particle species in gas phase. Especially the number density of each molecule at temperatures of 300-5,000 K proved to vary drastically with the CF 3 I concentration. The electron density was also found to augment slightly with the CF 3 I concentration at temperatures below 15,000 K. This phenomenon was interpreted on the basis of the first ionization energies of C and I. The numerical data obtained in the present research are very useful for obtaining fundamental characteristics of an interrupting arc in the CO 2 -CF 3 I mixture, such as a thermodynamic and a transport properties.
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